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ABSTRACT:  Investigatioas  02.  drag  and  evaporation 

of  dry  ice  node  Is  were  conducted  in  the  NQI.  4*'»  x 
40  cm  Aerooai-xistlcs  Tunnel  No,  2,  The  drag  coef- 
ficiont  was  determined  for  dry  ice  spheres  at  ](£ach 
nts&bers  2.9  and  4.3,  and  the  rate  of  evaporation  of 
dry  Ice  was  investigated  on  cubes  and  spheres  at 
Mach  niiabers  1.3,  2.S  and  4,3.  The  drag  coefficient 
was  found  to  be  essentially  the  same  as  that  of  usual 
av.rcT»Poratlve  wind-tunnel  models  of  the  same  geometric 
shape.  Most  of  the  evaperatiou  dtxting  a blow  occurred 
t poxticu  Ca  th©  .scdel . In  this  ’xlnd 
V.r:.  i.-. „ uy  evaporation  bcscomos  smaller 

su-  the  ' ach  number  is  increased  duo  to  the  lower 

T t:-  * air  in  the  test  section  at  higher  Mach 
»va«her^- , .heraore,  the  mass  loss  per  unit  cross- 

sectional  area  of  the  model  decreases  with  increasing 
Qiodel  size. 
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This  report  presents  results  of  experiments  on  evapo- 
rating models.  The  investigaiion  was  suggested  by 
Prof.  F.  L.  Fhlpple,  Harvard  University,  Cambridge, 
Mfc«s*cb;ij«etts , in  connection  with  Ms  studies  on 
meteors..  The  results  of  this  Inve  “tigation  have  been 
evaluated  vith  respect  to  their  apv'lication  to  astro- 
physical  phenomena  by  R.  N.  Thomas  and  F.  L.  Uhlpple 
and  are  partially  published  in  references  (a)  and  (b). 
Since  experimental  rssultr:.  on  evaxx>TRtinv 

ox  rnxerest  to  problems  of  missile  cooling, 
the  investigation  on  dry  ice  models  is  presented  in 
all  details  in  this  report. 

This  investigation  vr&s  aiade  under  NGL  task  number 
Se9a-lC8.  The  measurements  were  carried  out  at  the 
Naval  Ordnance  Laboratory  in  the  40  x 40  cm  Aero- 
ballistics  Tunnel  No.  2 in  1950, 

Z'hz  authcr  cu  express  nrs  gratitude  to 

Mr.  J.  tf.  Fondall  and  Jr.  J.  L,  Bttle  who  worked  out 
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DBAG  AND  E7AP0BATI0N  OF  C8Y  IkZE  SOEELS  IN 
SUPEESONI  C A IS  FLOS 


I ,  IlfmODIJC-riON 

1.  A theory  for  deteraiping  air  d^^rG.ttiss  sst  high 
altitude*  fT3s^  iiwteoyic  data  has  beea  doTslopod  by 

1.  L,  Wi  ipplsg  (retereace  c) . Tb«  application  of 
this  thev<ry  reqnirea  the  hnovledge  of  the  nuaerical 
7alurs  of  tvo  quantities,  nsjsely  aorodynaatic  drag 
and  aass  loss  cf  aeteors  vhlch  ha?e  to  bs 

In  order  to  stibstan+i-tt  thi  ^vuitniitative  aspect  of 
ihia  taeory,  Professor  Vbipple  {reference  d)  sug- 
gested the  eaperiafsntal  ineestigation  of  evaporation 
rate  and  dra^  of  vaporizing  aodels  in  a supersonic 
vind  tunnel.  An  accuracy  of  the  test  results  within 
30  per  cent  of  the  actual  values  was  considered 
sufficient  to  satisfy  the  theory. 

2.  The  tsjgporature  of  the  »tsesph8ro  &t  50  km 

altitude  .fjicjurts  to  ab<Dii<'  *?.  s^t^cr 

at  a sp'^d  sf  50  kat/sec  at  this  altitude 
(reference  e),  the  stagnation  tewperatur®  of  the  air 
is  approxlnately  lO^K  (refersace  f) . The  teaperature 
of  th«f  awteor  was  assumed  to  be  2000^£;  and  the  setecr 
was  considered  to  vaporize  frca  the  solid  state 
(sablissstioa)  (reference  d).  la  order  to  simulate 
these  conditieos  at  low  temperatures , dry  ice  (solid 
C<^)  was  chosen  as  th«  aodel  material  for  the  vlnd- 
tuaaai  5i!*3«sj«r«i©Bats . Dry  ice  has  a sublimation  point 
of  194, at  1 £i.».  (reference  g) , which  is  Inter- 
^diate  betweea  the  viao-tunnel  stftgn&ticis  teaperature 
of  about  309^1;  and  the  static  temperature  of  the  glr 
flow  5t«ch  BTUstar  1.56  to  ab-oat  5C^S  frr 

Ssch  aucber  5-0)- 


II.  TEST  ARRAJ^SHEHT 

3.  The  iavestigfttiofi  was  perforsed  in  ta«  NOL  40  x 
40  c-s  a.irobaliistlcs  Tunnel  Ho,  2 (reference  h).  For 
this  tunnel  the  air  is  taker  irc-a  the  at%capher@, 
passed  through  & dryer  which  dries  to  s 'ie>.rpoiat  of 
approxasately  expanded  in  a Laval  nozzle,  and 

discharged  through  a su^rsonic  diffuser  into  a 
vacuus  vessel  of  2000  s^  voiuwe.  The  tunnel  is  of  the 
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type  w-Jv-h  40  tc  60  blowiu^  tiic^ 

and  has  a nozzle  exit  croww  czr+^on  oi  40  - 
The  M»^»h  ~cdels  Investigatod  M*e  ^hovn 

in  Table  I. 


TASL£  I 

Iffl&SIIGATED  I«KY  ICE  MODELS 


Mach 


Sphere  Diaaeter 


Cube  Side  Length 


Number 

in 

in  »m  ! 

1.86 

2.87 

4.25 

30"" 

30^ 

50 

50 

50 

70* 



30* 

30* 

TC 

50 

50* 

WWW 

.. 

70* 

tx)  Evapor-a'^ioa  rate  measirresents  onlf 


4.  High  ”ach  Tith  sir  wo^Id 

beat  siavilsiitc  tbe  <5orsdttic’'« 

xa  tne  upper  atmospaere.  However  ^ at  Mach  niiffiber 
4.25,  the  highest  Mach  nuaber  used,  the  duration  of 
a tunnel  blow  was  already  too  short  to  produce  a 
mass  loss  susftciently  great  to  cause  a visible 
change  ia  the  model  shape.  Drag  aaasuremeats  have 
hoes  obtained  in  two  ea^es  only,  sines  ia  th©  coura® 
of  the  ? svestigat.ton  the  baiancs  far  the  drag  ^as- 
•irossoatg  become  i^ioperstl’?«.  TLe  ssaas  loss 
dstenainad  In  all  cases. 

5.  Th©  dry  ica  »odel  w&3  ao'onted  ou  a preceded 
holder  of  sssll  heat  conduct irity  (bakclite)  in 
order  to  roduee  ^yeporaticn  ci  dry  iee  by  host  con- 
duction through  the  bcider.  The  holder  rovoved  the 
front  portion  of  an  axial  force  balance  having  ft  kg 
lend  capscity  (Figure  1).  The  spring  deflection 
dtvriiig  the  blow  cavisod  by  the  air  forces  ©ffacts  the 
resistance  of  the  straxn  gagee  attached  to  the 
springs.  The  current  due  to  th<?  -hauva  of  the 
£=osistance  was  measured  by  a G1  potentiometer  recorder. 
The  balance  was  calibrated  with  model-holuer  and  a 
ring  of  dry  ico  areuiid  the  holder  screw  provided  to 
hold  tho  TiKidel . In  this  maitaer  ©rrors  cattsed  by  the 
low  temperature  of  the  dry  Ice  model  were  eliminated 

as  far  as  possible. 
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6.  The  mass  loss  due  to  the  vaporization  d'orlng 
tho  b"ov;  was  determined  by  weighing  the  models 
before  and  after  the  blow.  This  loss  was  corrected 
bv  tbe  mass  loss  eipertenced  during  an  equa?..  handling 
period  rithout  blast. 


Ill,  TEST  PROCEDURE 

A .  ilanufactMring  of  the  models 

7.  The  dry  ice  was  sawed  into  cubes  and  in  each 
a wiLl.  i.'.,ro??ic!s  was  cut  using  a tap  pre- 

cooled in  a mixt\»re  of  dry  ice  and  alcohol.  Then 
the  cube  was  screwed  on  a precoolea  sting  of  bake- 
11  te  mounted  on  a lathe  and  was  cut  to  a sphere  with 
a knife. 


B.  Test 


S.  Tho  inodA:!  was  we.igbed  auickly  X 


t~  ro  beat  con- 

duction to  the  scales.  At  the  inoment  the  weight  was 
determined  a stop  clock  was  turned  on.  After  the 
diaJBeter  of  the  model  had  been  measured  witn  a 
caliper,  the  model  was  screwed  on  the  precooled  bake- 
lite  sting  covering  the  front  portion  of  the  balance . 
(This  sting  was  precooled  by  an  attached  dry  ice 
piece.)  Then  the  balance  was  adjusted  and  the  blov’ 
started.  Another  step  clock  measured  the  blow  t:ir:e. 
The  drug  was  recorded  dm‘xng  the  blow  with  the  GE 
recorder.  Aftei'  the  blow  the  model  was  taken  out  of 
the  tunnel  and  weighed  again.  The  stop  clock  was 
turned  off  wl>£a  this  second  weighing  was  finished. 
Finally  the  diameter  of  the  mode 3.  ^as  measured  again. 
The-  time  between  the  end  of  the  blow  and  the  end  oi 
the  second  weighing  was  determined  with  a watch. 
Supply  air  pressure  and  temperature  were  measured  for 
the  determination  of  the  dz*ag  coefficient. 


C.  Mass  loss  without  blow 


9,  The  procedxire  for  determining  the  mass  loss 
witheut  blow  was  the  same  as  just  described  but 
without  blow  and  drag  measxirements . This  mass  loss 
was  determined  for  cubes  and  spheres  with  different 
side  lengths  or  diameteru  and  also  for  different 
evaporation  times. 
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IV . DATA  SEDUCTION 

10.  The  drag  coefficient  ox  the  model  was  det‘*r~ 
mined  at  the  start  and  the  end  of  the  blow  only 
and  the  evaporated  siaes  was  detomined  for  the 
time  u iur ^ V cf  One  blow.  The  following  steps 
were  taken  for  this  procedure: 

^ start  and  end  of  the  test 

11.  The  model  di«i.<aeter  at  the  start  and  the  ond 

of  the  test  (first  and  last  weighing  of  the-  icodel) 
was  measxired  by  a caliper.  These  measurements 
are  inaccuratf*  «/>  -2:  thz  •J.dvri'  ili-y 

ice  during  the  time  it  toinches  the  model  and  there- 
fore indicates  a diameter  smaller  than  the  actual 
diameter.  The  Inaccuracy  is  larger  for  spheres 
than  for  cubes  because  the  caliper  touches  the 
sphere  in  two  points,  which  melt  quickly,  but 
touches  the  cube  along  two  sides  which  melt  more 
slowly.  This  was  confirmed  by  comparison  of  the 
jneasxired  dia^-ieters  of  the  sphereiS  with  the  d.i?^sterg 
calculav-si^ii  -£ra&  tm:  weit-bt  nf  -t  th*  to:;t 

sxarv  uoiicr  ihe  assumption  that  the  models  were  true 
spheres  and  cubes,  and  taking  into  account  the  weight 
of  the  sting  hole  in  the  models  (The  specific  weight 
of  the  dry  ice  used  was  determined  to  be  1.52  g/cn^ . ) 

The  calculated  side  lengths  of  the  cubes  agreed  with 
the  measisred  ones  within  less  than  1 per  cent;  the 
calculated  values  of  the  s?ohftr«  diai*ieters  were  about 

1 per  cent  to  2 per  cent  larger  than  the  measured 
values.  Considering  the  inaccuracy  cf  the  iseasurements , 
the  calculated  values  of  the  diaiaetsra  were  taken  at 
The  test  start.  Since  the  shape  of  the  models  changed 
unsynmetrically  during  the  blow,  only  the  measured  values 
of  the  diameter  at  the  end  of  the  test  eouiu  be  used  for 
the  data  evaluation.  How«%»er,  0.3  SwS  corresponding  to 
about  1 per  cent  cf  the  di«»eter  of  ths  smaller I sphere 
have  b-oea  added  as  a correction  to  the  measured  values 
of  the  sphere  diameter  according  to  the  above  i&entloaed 
experience . 

B.  Diameter  at  start  and  end  of  the  blow 

12.  These  diameters  were  obtained  from  the  diameters 
at  start  and  end  of  the  test,  deducting  and  adding  the 
experimentally  determined  diameter  decrease  for  the 
time  while  not  blowing  respectlwely . 
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13.  This  ti«!©  consists  of  two  parts;  the  time 
between  the  first  weighing  of  the  model  and  the 
blow  start  and  the  time  between  blow  end  and  second 
weighing.  These  time  intervals  were  determined  fron? 
the  blow  time,  the  time  between  first  and  second 
weighing  and  the  time  between  blow  end  and  second 
weighing  all  of  which  were  known. 


14,  Furt'aeriEore  i the  aass  loss  of  spheres  and 
cubes  fo2*  times  without  blew  known.  The  diameter 
decrease  of  the  models  without  blow  was  determined 
and  is  shown  in  Figure  2.  It  was  obtained  from  the 
measured  and  calculated  diameters  of  the  model  at 


^ w (,119  9HU  Od  Crce  v wx  dxOW  . 

Figure  2 shows  that  the  scatter  of  the  calculated 
values  is  less  than  that  of  the  measured  values,  as 
eisplained  above.  The  diameter  deeroase  as  a function 
of  the  diameter  at  test  start  for  a constant  time 
Interval  is  shown  in  Figure  2a.  One  curve  for  all 
models  was  used  since  the  diameter  decrease  was  found 
to  be  independent  of  the  model  size  within  the  neassnring 


accuracy , 


?-o,s  average  scat->er  of  the  calculated  values 


C*  Drag  coefficient 

15.  Since  the  diameters  of  the  model  at  the  start 
and  the  end  of  the  blow  are  determined,  the  correspond- 
ing crosS'-BSCtlon  areas  A ave  known.  The  densif'y  f 
and  the  velocity  v of  tae  undisturbed  flow  «?sre  deter- 
mined from  the  pressuie  auc  temperature  of  the  supply 
air  aad  the  Mach  number.  The  drag  coefficient  Cp  was 
calculated  'using  the  equation: 


F 


where  F is  the  drag  force. 

D . Mass  loss  while  net  blowing 

16.  The  mass  loss  i>er  unit  time  and  unit  surface  area 
without  blow  was  found  to  be  the  sai&e  for  cul>eE  and 
spheres;  namely.  G. 000283  g/sec.  r 6 per  cent. 

However,  the  mass  lose  without  blow  referred  to  the 
cross-sectional  area  is  different  for  cubes  and  spheres 
(see  Table  3).  To  facilitate  data  reduction,  the  mass 
loss  was  referred  to  the  cross-sectional  area  of  the 
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lacdsls  since  the  &rca  parpendicular  to  the  »,ir 
stream  did  not  change  aucb  as  compared  vith  that 
of  the  sK)del  sturf ace . during  the  blov  (Figure  3 and 
Table  II).  Furthermore,  it  was  difficult  to  deter- 
mine the  wvdel  surface  area  after  the  blow. 

17.  The  mass  loss  for  the  time  between  tost  start 
aau  blow  start  was  obtained  bv  multiplying  the  n&ss 
lr>B3  without  blew  (ir.  g/sec.  cm2  sxaa)  'Sfith  the 
€^ithout  blow  and  with  Iho  average  cross-sectional 
area  which  the  model  had  during  this  tlNK».  The  same 
was  done  for  the  ti»8  between  blow  end  and  test  end. 
Both  mass  losses  added  together  g-ye  the  total  mass 

the  Biass  loss  after  the  blow  i«  «r»i3iewhat  inaccurate 
because  the  model  shape  after  the  blow  is  net  a sphere 
or  a cube  respectively.  This  procedure  was  chosen, 
however^  bseause  the  p^y«rage  surface  area  of  the  model 
after  the  blow  was  very  difficult  to  determine  and 
because  the  time  between  b).ow  end  and  test  end  was 
in  no  case  more  than  31  per  cent  of  the  total  time 
without  blow, 

■“ ' lo&a  during  blow 

18.  This  loss  was  obtained  by  deducting  the  losp 

while  sot  blowing  fres  tha  total  loss  bstt?@aa  the 
twe  Tu«  aas;?.  loss  referred  to  on® 

second  blow  time  and  to  cso  of  the  average  crcfjs- 
sectional  ?.roa  of  the  acdsl  psrpendicitl:^^:’  to  ths  air 
stream  during  blow 


?.  ACCUTiACT  -res  MgASUSEMhl*S 

19.  The  calibration  of  the  baiasco  showed  that  it 
wai*  5nXX\»anc0d  by  sideforces  such  Isff;  and  th& 

aeasuremsKt  obtained  from  a sidcfcrcc  was  about  20  per 
cent  of  the  value  resu3.ttEg  from  a force  at  the 
imgnitude  acting  sociall:  . In  spite  of  this  inaccuracy^ 
this  balance  was  used  because  no  other  balancw  was 
available  at  that  time.  Furthemore^  since  the  m^del 
shapes  at  least  at  the  start  of  the  blow  were  symmetrical 
with  rei^peet  tc  the  air  stream,  any  sideforce  InfliKince 
could  be  considered  negligible.  The  holder  inflti^nce  on 
the  drag  measurements  could  sot  be  eliminated  completely 
but  this  influence  is  considered  to  be  small  and  may  be 
neglected  for  those  aodels.  The  approximate  accixracles 
for  the  Bass  losses  during  the  blow'were  calculated  with 
the  following  assumed  errors  in  detemlning  the  test  items 

UHCLAsIlFISD 


MmMevrnreavwesnpvMMiasaMw****^.'^'*’ 

^,1111  I Villi’! I iMismWjts ■ ' 


ONCLASSIi^IRD 

mvmn  Eepsrt  2954 


Weight  ±Q.i  g 

Tloe  between  weighings  ± i sec. 

Time  without  blast  between  test  start 
and  b2.ow  start  ± 5 see. 

Time  without  blast  between  blow  end 
and  test  end  x 5 sec. 

Blow  time  ± C.2  sec. 

Diameter  decrease  without  blast  'as 

rrjt.i.^riEenxsiiS'/  t:  7 per  cent 

Blass  less  without  blast  per  second 
and  cm^  cross-sectional  as'ea  (as 
found  experimentally)  ± 6 per  cent 

Dlajsetar  at  test  start  and  end 
±0,3  mm  for  spheres 

*^^^3  w ^ jciT  i*  ann  enc 

±0.1  am  for  cubes 

The  error  in  the  determination  of  the  average 
cross-sectional  area  of  the  models  diiriug  the  blow 
was  calculated  to  be  less  than  1 per  cent  for  a cub« 
ci  70  isiiE  siG^  length  and  up  to  2.5  per  cent  for  a 
sphere  30  im  diameter.  The  mass  loss  per  second  and 
C!£""  of  this  aiea  was  found  to  be  acc^jrato  to  ± 5 per 
cer,t  at  slach  suiober  1,36  and  up  to  ± 17  per  cent  at 
Mach  number  4.25.  The  measured  values  of  the  s-ats?;- 
loss  for  all  models  and  all  Mach  ntuobars  f?catter 
within  ±31  per  cent  around  the  carves  drawn  la 
Figure  4.  At  Mach  number  1.86  there  exists  a distinct 
diflc-rrtrce  hetweoa  cubes  (scatter  ± 5 per  cent)  and 
spheres  (scatter  ± 16  per  cent).  The  high  value  of 
scatteiing  of  the  spheres  may  bo  attributed  to  loss 
of  pieces  broken  off  from  the  i^phercB  during  the  blow. 
(See  values  with  question  marks  in  Figure  4). 


V I . RESULTS 

2G,  The  vaporisation  of  dry  ice  at  llach  number  4.25 
was  so  suali  that  no  change  in  model  shape  could  be 
observed.  At  the  lower  Mach  numbers  2.87  and  1.86 
the  evaporation  was  clearly  visible.  During  evaporation. 
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The  iTOTit  psi^t  of  tuo  jKOuels  aesuned  a conical  e’a&pe 
vith  a round  tip  and  nicks  is  case  cf  the  spheres  and 
fomed  sloping  areas  with  nicks  In  case  of  the  cubes  ^ 
The  rear  part  of  each  aodel  reaaloed  unchanged.  The 
sonewhat  non-unifora  evaporation  at  the  front  part  waj 
b«9  caused  bj  inhewogeneities  of  the  polycrystallis® 
etractor®  of  the  dry  ice,  due  to  the  aechanical  coa~ 
p£ctlng  of  the  snow  flakes  in  Baking  solid  dry  ice^ 

The  shapes  of  models  with  5 om  dlfis©t#»r  after  the 
sho«T‘  iTi  rigt^c  3 (one  cylindrical  aodoi, 

5 long  and  3 ca  in  dia^tar,  was  also  investigated 
and  ii?  shows  in  Figure  3).  litcdele  3 c»  in  diaaeter 
showed  more  erosion  of  shapes  (half  spherical  shape 
in  the  case  of  spheres),  models  with  7 cm  diaseter  is«ere 
“rcfcd  ehoim  in  .rrgure  3. 

21.  The  drag  coefficient  of  dry  ice  spheres  was 
found  to  be  approximately  1 at  Mach  nuaber54.2S  and 
2.87,  aeasured  3 to  4 sec.  after  the  blow  started. 

The  coefficient  increased  5 per  cent  at  Mach  number 
4.25  and  16  per  cent  at  Mach  nuaber  2.87  during  the 
blow  with  a duration  of  about  35  seconds  (Table  3). 

Th©  drag  coefficient  shertlj  bio^  start  is  la 

f.»iT  i»£rr»ic«»«nt  OS  spheres 

&easi^ed  in  supersonic  witd  tunnels.  The  increase 
of  the  drag  coefficient  during  the  blow  can  be 
attributed  to  the  variation  of  the  shape  of  the 
Bodel  and  seems  to  be  unaffected  by  the  evaporation 
of  dry  ice  surrounding  the  model.  Thus  the  drag 
coefficient  lease  to  be  the  same  as  found  for  non- 
evaporative  -/iud-tunnel  models  of  the  same  shape. 
Been'.:'-©  tb®  shape  chauigcs  d^sriag  the  blow  from 

to  hemispheres  (esg^oiAlly  at  lotir  'jtts.ch 
auBsbers)  ^ the  drag  coefficient  can  be  expected  to 
be  bett?eec  1 and  l.o, 

22.  The  mass  loss  d’oring  th©  evaporation  as  a 
function  of  ths  average  crsss-^scctlonal  area  of  the 
BOdel  during  ths  blow  is  sL  >«?«  la  Figurs  4.  Tlie  values 

for  the  spheres  and  those  of  the  cubes  have  been  found 
to  be  apprcximately  equal  at  each  M&ch  number.  Some 
previous  unpublished  data  by  J.  M.  Kendall  and 
P.  P.  Vegener  of  wql  taken  at  a Mach  number  of  1.7  in 
a continuous  2.5  x 2.5  cm  wind  tunnel  are  Included  in 
Figure  The  graph  shows  that  the  mass  loss  due  to 
the  evaporatioii  ci  dry  ice  increases  with  decreasing 
Mach  uVuiber  and  with  decreadag  nrea. 


23.  The  evaporation  of  dry  ice  in  supersonic  air 
flow  may  be  explained  as  follows:  The  evaporation 
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oZ  (3T-V  Is  uu«  io  the  transfer  o.t  heat  from  the 
air  to  the  ncdcl  atiJ  tw  the  transfer  of  evaporated 
material  from  the  mo4eI  to  the  air.  The  high  rate 
of  energy  exchange  '-jrith  the  oncoming  air  at  the 
front  part  of  tho  model  causes  a great  evaporation 
of  dry  ics.  The  evaporating  process  is  supported 
by  the  quick  replacement  of  evaporating  dry  ice 
molecules  by  air  moleciiles.  The  ntuuber  of  air 
molecules  per  unit  time  is  a function  of  air  density 
and  velocity.  At  the  rear  of  the  model  the  energy 
exchange  is  smaller.  The  mass  transfer  occurs  mainly 
bj'  diffusion  of  dry  icc  molecules  lo  the  air  stream. 
Therefore  this  part  of  the  modei  shows  a much  smaller 
change  in  shape  during  the  blow  than  the  fro-,^ 

A+  more  ary  ice  evaporates  due 

to  the  higher  air  densities. 

24,  There  exist  two  possible  explanations  for  the 
dependency  of  the  evaporation  rate  on  the  model  size, 
(a)  The  average  thickness  of  the  COo  air  layer  on 
the  small  model  Is  smaller  than  on  the  large  model, 
thus  allowing  a largei’  energy  exchange  relative  to 
the  sine  of  the  model.  (b)  Heat  conducted  Zrotc, 
scdel  hujriiir-  1,0  tne  model  has  a 

great*r  influence  on  the  overall  ev’aporation  from 
smaller  models  than  from  larger  ones. 


VII.  CONCLUSIONS 

25.  The  drag  coefficient  of  dry  ice  spheres  was 
found  to  be  1 at  Mach  numbers 4.25  and  2.87.,  It 
increased  during  the  blow  by  5 per  coat  at  Mach  ntuaber 
1 and  by  16  per  cent  at  Macli  number  2.87  due  to  the 
change  of  the  pbere  shape  caused  by  evaporation. 

Within  the  acc.vrc.cy  of  the  drag  measurements,  the  drag 
coefficient  of  dry  ice  models  can  be  considered  to  be 
equal  the  drag  coefficient  of  usual  non -evaporative 
wind-tunnel  models  of  the  same  shape.  No  influence  of 
the  evaporated  CO2  cloud  on  this  coefficient  was  foimd. 

26.  The  highest  evaporation  rate  of  COg, occurs  on  the 
front  part  of  the  models,  showing  a considerable  change 
in  the  model  shape  in  this  region » 

27.  The  specific  mass  loss  due  to  the  evaporation 
decreases  with  increasing  model  sizes  and  is  the  same 
for  cubes  and  spheres  within  the  measurement  accuracy. 
Furthermore  the  specific  mass  loss  Increases  with 
decreasing  Mach  nxmbers  due  to  the  increasing  air 
densities  In  the  test  section  of  the  tunnel. 
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Moffett  Field,  California 

1 Attn:  H.J.  Allen 

2 Attn:  Dr.  A.C.  Charters 

NACA.  Lewis  Flight  Propuis-c.n  Lab. 
C-leveiand  Knpkins  Airpo't 
Cleveland  H,  Ohio 
1 Attn:  John  C.  £•  .-ard 


Langley  .Aeronautical  Laboratory 
Langley  Field,  Virginia 
1 Atin;  Theoretical  Aerodynamics  Div. 

1 .Attn:  J.  Y.  BecV.tr 

I Attn;  Dr.  Adolf  Buserr.an 

1 A'.i.r.:  Mr  C.  K. 

1 A'.tn;  Mr.  J.  Stack 

Harvard  Ur.iversity 
21  Vanserg  Building 
Cambridge  38,  Massachusetts 
1 Att.".;  P'vf  .CaricU  cirkhofi 

The  Johns  Hopkins  I,’:.' vr  r s;ty 
Charloi  and  34th  Streets 
Baltimore  IS.  Maryiand 
1 Attn:  Dr.  Fra.nns  H.  Clauser 

New  York  Un:vcr.=  Uy 
45  Fo  <rtl'  Ave.nue 
New  York  3,  Nt'w  i" ork 
i Att.n.  professor  R Covra.nt 

1 . .■’.'leri  E.  Pocke  t.  rirc~ 

.M’S?;!?  Ac  i.  c-J , r.amic  o L-epiruneiit 
Hughes  Aircraft  Company 
Culver  City,  California 

1 Dr.  Gordon  N.  Patterson.  Directer 
Institute  of  Aerophysics 
University  of  Toronto 
Toronto  5,  Ontario,  Canada 
VIA:  BuOrd  (Ad8) 


Aeroballistic  Research  Department 
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No.  of 
Copie  a 

fr  Office  of  Naval  Research 
Branch  Office 
Navy  100 
Fleet  Post  Offitc 
New  York,  New  Yo:k 

Commanding  Cener3l 
Aberdeen  Proving  Ground 
Aberdeen,  Maryland 
I Attn-  Dr.  B L.  Hicks 

National  Bureau  of  Staic-inr.-le 
Aerodynamic.s  Section 
Washington  Z5.  O C 

1 Attn;  Dr.  G.B  Schubauer,  Chief 

Ames  Aeronautical  Laboratory 

1 Attn:  Walter  G.  Vinceati 

University  of  California 
Cbiervatory  21 
Berkeley  4,  California 
1 Attn:  Leland  E.  Cunningham 

VL't;  InsMat 

Massachusetts  Inat.  of  Technology 
Dept,  of  Mathematics.  Room  2-270 
77  Mas sachusett.^  Avenue 

^ C '.I 

1 Attn;  Prof.  Eric  Reissner 

VIA:  InsMat 

Graduate  School  Aeronautical  Engr . 

Cornell  University 
Ithaca,  New  York 

I Attn:  W.R.  Sears,  Director 

VIA:  ONR 

Applied  Matli.  and  Ststirtics  Lab. 

Stanford  University 
Stanford,  Caiifornia 

i Attn.;  H..J.  L«,-'gie,  Associate  Dir. 

VIA;  Ass't  InsMat 

University  of  Minnesota 
Dept,  of  A.cronautical  Er.gi. 

Minneapolis,  Minnesota 
I Attn;  P.-ofts3or  R.  Hermann 

ViA:  Ass't  insMac 

Cusc  institute  of  Technology 
Dept,  of  Mechanical  Engineering 
Cleveland,  Ohio 

i Attn:  Professor  G.  Kuerti 

VIA;  ONR 

Har’-ard  Universit-/ 

109  Pierce  Hall 
Cambri  dge  3.9,  Massachusetta 
1 Attn:  Professor  R.  von  Mises 


Ko.  of 

1 Prof.  E.  R.  G.  Eckert 

I^PftTtxsct  of  MechAnlcal  Sagi&eeriag 
UniTorsity  of  Miaaesota 
Miaaeapolis  14,  Miaaesota 

1 Prof.  E.  L.  Whipple 

Harvard  College  Observatory 
60  Garden  Street 
Cambridge  38,  Massachusetts 

1 Dr.  Richard  H.  Thomas 

Harvard  College  Observatory 
60  Gardea  Street 
Cambridge  38,  Massachusetts 

1 Dr.  G.  R.  Eber 

Holloman  Ai:^-  Development  Center 
Alamogordo,  Hew  Mexico 

1 Dr  . P . P . Wegener 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  California 


